Abstract: Nanoscale ionic materials (NIMS) are organic-inorganic hybrids in which a core nanostructure is functionalized with a covalently attached corona and an ionically tethered organic canopy. NIMS are engineered to be liquids under ambient conditions in the absence of solvent and are of interest for a variety of applications. We have used nuclear magnetic resonance (NMR) relaxation and pulse-field gradient (PFG) diffusion experiments to measure the canopy dynamics of NIMS prepared from 18-nm silica cores modified by an alkylsilane monolayer possessing terminal sulfonic
acid functionality, paired with an amine-terminated ethylene oxide/propylene oxide block copolymer canopy. Carbon NMR studies show that the block copolymer canopy is mobile both in the bulk and in the NIMS, and that the fast (ns) dynamics are insensitive to the presence of the silica nanoparticles.
Canopy diffusion in the NIMS is slowed relative to the neat canopy, but not to the degree predicted from the diffusion of hard-sphere particles. Canopy diffusion is not restricted to the surface of the nanoparticles and shows unexpected behavior upon addition of excess canopy. Taken together, these data indicate that the liquid-like behavior in NIMS is due to rapid exchange of the block copolymer canopy between the ionically modified nanoparticles.
KEYWORDS: nanoscale ionic materials, nanoparticle liquids, ionic liquids, nuclear magnetic resonance, silica nanoparticles Nanoscale ionic materials (NIMS) are an emerging class of functionalized nanoparticles that have generated a great deal of interest in recent years as a consequence of their unique materials properties. [1] [2] NIMs are organic-inorganic hybrids consisting of a core inorganic nanostructure functionalized with a covalently-bound organic corona with ionic terminal functionality and an ionically-tethered, bulky counter-ion as the canopy (Figure 1 ). In essence, NIMS are nanoparticles modified with an ionic liquid organic coating and either behave as liquids at room temperature or undergo reversible, macroscopic solid-to-liquid transitions near room temperature. To date, a number of NIMS have been prepared, including those based on metal oxides (SiO 2 , ) and metals (Au, [6] [7] [8] Pt, [6] [7] , Pd, 6 and Rh 6 ). This materials design motif has also been used to create room temperature liquids from other nanoscale materials, including carbon nanotubes [9] [10] and proteins.
11 Figure 1 . Schematic illustration of the general structure for nanoscale ionic materials (NIMS) used in this study. In this case, the covalently attached corona has terminal sulfonic acid functionality. The canopy consists of a low molecular weight, amine-terminated diblock copolymer.
The ability of NIMS to behave as room temperature liquids allows for the design of materials that combine characteristics of liquids with the unique size-dependent properties of the core nanostructures (e.g., photoluminescence with high viscosity, 5 etc.). Exploiting the unique properties of NIMS in a broad range of applications will ultimately depend on the degree to which their properties can be tuned based on variations in their structural components (core shape and size; corona length and composition; and canopy composition and molecular weight). The ability to tailor multiple components makes NIMS a particularly versatile class of nanomaterials that can be designed to meet the specific requirements of many diverse materials and device applications. Consequently, NIMS are promising candidates for thermal management materials, [12] [13] [14] [15] [16] [17] [18] nanocomposite materials, novel reaction solvents, [19] [20] magnetic fluids, [21] [22] and conductive lubricants. [6] [7] [8] For example, our laboratory has reported on Au-and Pt-based NIMS employed as conductive lubricants that markedly improved the durability of RF-MEMS contacts. [7] [8] While further improvements in performance can likely be realized through systematic variation of NIMS composition, structure, and chemistry, it will also be necessary to understand the dynamics of the corona-canopy interface in order to take full advantage of the functional opportunities that exist for NIMS. To date, molecular-level dynamics in these materials has not been studied.
Molecular-level characterization of organic corona dynamics in nanoparticles remains a key challenge for which general characterization techniques are still required within the broader nanomaterials community. Comprehensive surface and interface analysis typically requires a combination of composition analysis (XPS, Auger, TOF-SIMS, EPMA, etc.), electron microscopy (TEM, SEM), and scanning probe microscopy (AFM, STM, etc.) techniques to characterize composition, size, morphology, and structural order in nanomaterials and their assemblies. [23] [24] [25] [26] In general, these characterization techniques are well-suited for static surfaces in which the composition and position of the nanostructures remains constant. In contrast, nanomaterial interfaces in solution, such as that between the canopy and the corona in NIMS, or between the covalently-bound corona and the nanoparticle core, are likely dynamic. Nuclear magnetic resonance spectroscopy (NMR) is frequently used to study molecular-level dynamics and diffusion in macromolecules and polymers, [27] [28] and these NMR techniques can be extended to characterize composition, dynamics, and diffusion in nanomaterials. [29] [30] [31] [32] We reasoned that these techniques could be employed to characterize dynamics in
NIMS.
Here we report NMR relaxation and diffusion studies of silica-based NIMS with a bulky organic canopy. The results show that the canopy is very mobile in the liquid state, even in the presence of the nanoparticles. This suggests that the canopy molecules in the NIMS undergo rapid exchange between nanoparticles, rather than simply undergoing hard-sphere translational diffusion. The canopy exists in a liquid-like state, rapidly exchanging on and off the functionalized core nanostructure, and plays a critical role in the liquid-like properties.
Results and Discussion
In order to characterize the dynamics of the corona-canopy interface, the spin-lattic relaxation and diffusion of the bulk free canopy were compared to that of the NIMS by solution NMR relaxation and pulse-field gradient (PFG) NMR. The NIMS of interest consisted of an 18-nm silica nanoparticle core functionalized with a monolayer of trihydroxysilylpropyl sulfonic acid (SIT). The anionic SIT corona was paired with a cationic canopy consisting of a primary amine-terminated ethylene oxide/propylene oxide diblock copolymer (M-2070, M n =2263, M w =2334, PDI=1.03) canopy (Figure 1 ). NIMS have been described as monolithic hybrid materials with liquid properties, where each nanostructure "carries" its share of the solvent. 2, 33 For this reason, a canopy: corona ratio of 1:1 was chosen as the most reasonable starting point for examining the molecular-level dynamics of NIMS using NMR. canopy in neat, dry samples were measured from the carbon spin-lattice relaxation times (T 1 ) of the methylene peak at 74 ppm. The spin-lattice relaxation time can be measured by determining the rate constant for the relaxation of a spin system to its equilibrium magnetization immediately following perturbation with a radio frequency pulse. 34 In addition, the T 1 relaxation times measured using observable magnetization can be used to extract information about fast (ns) molecular dynamics. This is because the spin-lattice relaxation rate is dominated by dipolar interactions of the carbon with its directly bonded protons and is given by
where  C and  H are the gyromagnetic ratios for carbon and proton nuclei, r CH is the C-H distance, and the spectral densities J(ω) are given by Fourier transform of the orientational autocorrelation function (C(t)) of the C-H vector. The challenge in extracting molecular dynamics information from the T 1 's is that a number of models can often account for the relaxation data. 27, 36 The general strategy for fitting T 1 values is to measure the relaxation times as a function of temperature and magnetic field, then use the simplest model that fits the data. The models for chain dynamics in polymers include fast librational motion, slower segmental motion, and very slow Rouse-type motions.
37-38
The A more quantitative understanding of canopy dynamics in NIMS can be obtained by fitting the temperature dependence of the relaxation to a specific model. A number of models for the C-H autocorrelation function were explored to determine the rotational correlation times from the relaxation data. We observed that the T 1 minimum (0.1 s) calculated from the isotropic reorientation model for the C-H autocorrelation function did not adequately predict the experimentally observed T 1 minimum (0.26 s) for either the neat canopy or the NIMS. Given that the canopy molecules are smaller than an entangled polymer in the melt, we have chosen to use the Lipari-Szabo (LS) model [39] [40] for the autocorrelation function rather than a more sophisticated model like the modified KWW model 37 commonly used for high molecular weight polymers. The key assumption of the LS model is that the overall molecular reorientation is decoupled from faster internal motions, and the autocorrelation function is given by the product of the correlation function for overall reorientation and the correlation function for internal motion. The LS model with a generalized order parameter of 0.4 gave a good fit to the T 1 minimum and was used to calculate the correlation time as a function of temperature as described in the Supporting Information. The solid line in Figure 3 is the average relaxation time calculated from the correlation times for the bulk canopy and the NIMS. The key conclusions from the T 1 fits are that the carbon relaxation is due to a combination of rapid (10 ps) librational motions and slower (0.1-2 ns) reorientation, and that the dynamics do not appear to depend on the presence of the 18-nm silica nanoparticle.
Pulse-Field Gradient NMR Studies. One of the key assumptions in NIMS design is that each functionalized nanoparticle carries its share of the solvent or canopy because the charge on the ionic terminal functionality of the corona is balanced by a strongly associated, oppositely-charged canopy. 2, 33 If the NIMS canopy were strongly associated with the nanoparticle surface, we would expect the free canopy and NIMS canopy to exhibit very different self-diffusion coefficients. In order to compare the diffusion behavior of M-2070 in the bulk and as the NIMS canopy, we utilized PFG NMR. The diffusion coefficients were measured using the stimulated-echo PFG pulse sequence ( Figure 4 ) with corrections for gradient artifacts. 41 In the case of a single diffusing species, the signal decay as a function of the gradient strength is given by 42-43
where γ is the gyromagnetic ratio of the nucleus of interest,  is the time of the gradient pulse,  is the diffusion delay time in the pulse sequence, G is the gradient strength, and the diffusion coefficient D is related to the hydrodynamic radius r H by [43] [44] 6
In those cases where single-exponential decay is not observed (vide infra), we have chosen to fit the data to a stretched exponential function, given by -2070 . We can estimate the diffusion coefficient expected if the canopy molecules were bound to the nanoparticles by calculating the hydrodynamic radius for the silica nanoparticle (9 nm), the corona (0.5 nm) and the canopy (2 x 1.25 nm). This gives a hard-sphere radius of 12 nm, so we would expect the diffusion coefficient to decrease by a factor of 9.6 relative to a dissolved canopy molecule in D 2 O. The fact that we observe only a 15% decrease in the diffusion coefficient shows that the NIMS canopy does not undergo hard-sphere diffusion in solution. Rather, the canopy is exchanging between free molecules and other nanoparticles in D 2 O on the time scale (ms) of the diffusion measurements.
We also note that curvature is observed in the NIMS self-diffusion data, requiring the use of a ). This size mismatch makes it impossible for all of the canopy molecules to be in direct contact with the corona and suggests that several layers of canopy molecules are required to neutralize the SIT molecules bound to the nanoparticle core. The electrostatic interaction between the canopy and corona will be strongest at the particle surface and weakest at the outermost layers of canopy far from the particle, giving rise to a distribution in exchange rates and a distribution in diffusion coefficients observed in the pulsed-field gradient diffusion experiments. This phenomenon has been suggested by previous work from our laboratory (MacCuspie, R. I.; Elsen, A. M.; Diamanti, S. J.; Patton, S. T.;
Altfeder, I.; Jacobs, J. D.; Voevodin, A. A.; Vaia, R. A. Previously unpublished work.) and seems to be a reasonable source for the observed deviation from single exponential behavior in the NIMS selfdiffusion data. Furthermore, we would expect weakly-associated canopy in the diffuse layer around the nanoparticle to exchange more readily than the canopy molecules more closely associated with the surface-bound corona. Figure 6 compares the self-diffusion decay curves for neat, dry samples of the free canopy, NIMS, and NIMS spiked with a two-fold excess of M-2070 relative to the number of anionic sites on the nanoparticle. In all cases we observe curvature on the semilog plots and good fits to the stretched exponential function. The diffusion coefficients and fit parameters are listed in Table 2 . Even though we observed single exponential decay for M-2070 in D 2 O solution, Figure 6 and Table 2 show that a stretched exponential (=0.83) is required to fit the data for the neat canopy. Since the solution experiments eliminate polydispersity as an explanation for this curvature in the signal decay, we believe the curvature results from self-association of M-2070 in the neat state, which does not occur when the molecule is dissolved in D 2 O ( Figure 5 ). We note that M-2070 is similar in structure to the Pluronic block copolymers, which are known to self-associate in solution and give rise to distributions in diffusion coefficients. 47 We have also observed self-association of M-2070 in GPC and small angle x-ray scattering experiments (not shown). 0.84
The data in Table 2 and Figure 6 also show that canopy diffusion in the bulk NIMS is slower by a factor of 4.5 than in the bulk M-2070, but this is not as slow as the factor of 9.6 predicted by the hardsphere model. We believe the faster-than-expected diffusion in the NIMS is the result of canopy exchange between nanoparticles, which is also a consequence of crowding at the nanoparticle surface and the subsequent weakening of electrostatic interaction between SIT and the outer canopy layers. It is well known that water contamination can affect the properties of ionic liquids, 48 but we do not believe water has affected our results since we were unable to detect residual water by 1 H NMR in our dried samples at the 1:1 corona:canopy stoichiometry.
The canopy exchange model is further supported by the diffusion experiments where we spiked the NIMS sample with excess canopy. As shown in Figure 6 and Table 2 , spiking leads to a decrease (30%) in the diffusion coefficient and a broadening of the diffusion coefficient distribution (=0.84). This observation is inconsistent with the hard-sphere model, for which we would expect a biexponential decay curve, where 50% of the decay would be associated with the diffusion coefficient of bulk M-2070 and 50% with the diffusion coefficient of the hard-sphere particle. These data are also inconsistent with a model in which we have rapid exchange between the canopy molecules in all layers, in which case we would observe a signal decay curve intermediate between those measured for the NIMS and M-2070.
The observation that the diffusion coefficient decreases in the spiked sample was unexpected, but we believe that this observation also results from crowding at the nanoparticle surface and a distribution of exchange rates between the canopy layers at varying distances from the nanoparticle surface. Molecular dynamics simulations are currently underway to clarify this behavior.
Another aspect of the dynamic behavior to consider in NIMS is the possibility of restricted diffusion of the canopy along the surface of the nanoparticle. Isotropic and restricted diffusion can be distinguished by comparing the diffusion following long and short diffusion delay times () in the stimulated-echo pulse sequence. 42 In the case of free diffusion, we can calculate the translational displacement of a species during the delay time as
For a typical delay time in the stimulated echo pulse sequence (70 ms), this gives a translational displacement of 580 nm for the NIMS, a distance much greater than the perimeter of the nanoparticle.
For a freely diffusing molecule, the diffusion coefficient will not depend on the delay time  in the PFG pulse sequence, while the apparent diffusion coefficient will decrease as the delay time  increases in molecules undergoing restricted diffusion. Figure 7 compares the diffusion plots for the NIMS with diffusion delay times of 70 and 300 ms. The two plots overlap, indicating that canopy diffusion is not restricted to the nanoparticle surface in the NIMS. Unrestricted diffusion is also observed for bulk M-2070 (Table 2) . These results further support our model in which the canopy molecules exchange between nanoparticles. In summary, we have studied the dynamics and diffusion of the organic canopy in SiO 2 NIMS using a combination of NMR relaxation and pulse-field gradient techniques. The T 1 relaxation times for the methylene carbons in the free canopy were measured as a function of temperature and were similar to those measured for the bound canopy in the NIMS, suggesting that the presence of the 18-nm silica core does not impact the fast (ns) dynamics of the canopy. Canopy diffusion in the NIMS was slowed relative to bulk canopy, but not to the extent expected for hard-sphere diffusion, suggesting that canopy molecules undergo exchange between nanoparticles. This hypothesis is supported by experimental results showing a single diffusion coefficient for the NIMS spiked with excess canopy, along with the observation that canopy diffusion is unrestricted in the NIMS. While the corona-canopy interface is often considered to be static, with each nanoparticle carrying its share of the liquid medium (or canopy), 2, 33 these results suggest that the corona-canopy interface is dynamic. We are currently investigating the impact of corona:canopy ratio, canopy molecular weight and the size and chemical structure of the nanoparticle core on the relaxation and diffusion characteristics of other nanoparticlebased ionic materials with liquid-like behavior at ambient temperature. Analytical Methods.
Methods

Materials. Silica nanoparticles (LUDOX® HS
-
13
C relaxation experiments were conducted using a Tecmag Apollo 500 MHz NMR spectrometer equipped with a DOTY Scientific DSI-1119 MAS probe and a DOTY Scientific temperature controller. Carbon T 1 relaxation experiments were carried out using an inversion-recovery pulse sequence, and the methylene carbon resonance at 74 ppm was utilized to determine the T 1 relaxation time.
The following values were used as the variable delay times to allow for relaxation of the spin system prior to application of the observation pulse: 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 seconds. The data for each T 1 experiment were plotted and fit to an exponential function using a program designed for MatLab in order to extract T 1 relaxation times.
Diffusion coefficients were measured at 50.5 °C using proton pulsed-gradient spin-echo NMR (PGSE NMR). This technique is based on pulsed nuclear magnetic resonance; the details of our implementation of PGSE NMR have been described previously. 49 To summarize, the 33 MHz SpinLock CPS-2 spectrometer was employed to produce a stimulated echo following the last 90º pulse in a three-pulse radio-frequency sequence. The sequence was coordinated with a matched pair of pulsed magnetic field gradients of magnitude G = 652 Gauss/cm, separated by Δ = 70 ms. The spacing between the first two 90º pulses was set to 15 ms. To test for the possibility of restricted diffusion, additional measurements at Δ = 300 ms were conducted for several samples. A steady gradient of magnitude G o = 0.3 Gauss/cm was also applied for experimental convenience by narrowing the echo signal. As a result of the gradient pulses, the spin echo height A in the sample is attenuated as the sample molecules diffuse. The gradient pulse duration δ was adjusted in 15 to 20 steps until the echo signal was reduced to the background noise level. Audio signals were obtained using single side-band radio-frequency phase sensitive detection offset by 3 kHz from the reference frequency, followed by
Hamming-windowed magnitude Fourier transforms integrated over the echo peak, corrected for magnitude baseline noise. Echo height measurements were averaged over 6 to 12 signal passes. Results were then analyzed off-line using the latest version of the Fortran code DIFUS5K. G o .
